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EXPERIMENTATL: I_NVEST:_EGM’.[ON COF AIR-COOLED TURBIKE
BLADE IN TURBOJET ENGINE
VIIT - ROTOR BLADES WITH CAFPED LEADING EDGES -

By Gordon T. Smith and Robert 0. Hickel

SUMMARY

An air-cooled turbine blade having spécial provisions for cooling
the leading edge of the blade by introducing air under a leading-edge
caep wag investigated in a modified production turbojet engine.

The cooling effectiveness was determined over a range of engine
speed from 4000 to 11,350 rpm. The cooling-air flow per blade was
varled from gbout 0.0l to sbout 0.1 pound per second. The results
indicated effective cooling of the leading edge of the blade. For
exemple, 8t an engine speed of 10,000 rpm, & coolant- to gas-flow ratio
of 0.054, and an effective gas temperature of 1000° F, the leading-edge
temperature was ebout 400° F, which is about 230° F cooler than the most
effectively cooled lesding-edge configuration previously investligated.
The cooling-air pressure loss through the blade, based on coolent flow
rate, was the lowest of any cooled-blade configuration so far investi-

gated.

INTRODUCTION

A series of gir-cooled turbine blaede configurations are being
investigated at the NACA Lewis laboratory under conditions of .engine
operetion in order to obtain a blade configuration which will permit
operation of blades fabricated from nonstrategic materiels et current
or higher inlet gas temperatures. The analytical and experimental
research which preceded this program is reviewed in reference 1.

Previous investigations of three blade configurations (refer-
ences 1 4o 5) established that hollow blade shells containing tubes and
fins in the coolant passage were characterized by severe chordwise
temperature gradients. These configurations had well-cooled midchord
regions but were as much as 500° F hotter at the leading and trailing
edges of the blades than &t the midchord. Analysis indicated that the
high leading- and trailing-edge temperatures of these first blade
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conflgurations might 1imit the operstion of similar nonstrategic blades
to inlet temperatures below those now in use. Consequently, a series of
blade configureations featuring special modificetlons intended to reduce
the large chordwlse temperature variations were fabricated and investi-
gated. The results of the lnvestigation of the first six of these
special configurations are presented in reference 4. These blades were
designated as blades 4 to 9. Four more blades of this series, blades 11
to 14, are reported in reference 5. The results obtained with a split
trailing edge (blade 10) intended to reduce the chordwilse temperature
gradient at the tralling edge of the blade are reported in reference 6.
No effort was mede to provide leading-edge cooling for this blade. The
cooling effectiveness and pressure-loss characteristics of a blade with
a capped leading edge intended to reduce the temperature gradient at the
leading edge of the blude are hereln compared with the results obtained
for blades 8 and 9 of reference 4. This blade will hereinafter be
called blade 15. = ) et T i . e

The cooled-blade temperature distribution of blade 15 was investi-
gated over a range of constant engine speed from 4000 to ll,§50 rpm.
The cooling-air flow per blade was varied from about 0.01 to 0.1 pound
per second at each engine- speed.

SYMBOLS

The following symbols are us;d in this report:
N  ‘engine speed (rpm)
P static pressure (in. Hg absolute)
p' total pressure (in. Hg absolute)
R ratio of coolant flow per blade to combustion-gas flow per blade
T radius (ft)
T static temperature (CF)
Tt  total temperature (°F)
w weight flow rate (1b/sec)

1 efficiency of cooling-sair compression in turbine wheel

p density (slugs/cu ft)

TL2Z
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® temperature~difference ratic or cooling effectiveness
(Tg,e - lJZB)/(Tg,e = Ta.,e,h)

©®  angulsr velc;city of rotor (radians/sec)
Subscripts:

A combustion air

a blade cooling air

B cooled blade

c compressor .
e effective

F fuel

g combustion gas
H rotor hub

h blade root

1 injet

m mixture of combustion ges and scavenge, bearing, and blade cooling
air in tail pipe

T blede tip

0] NACA standard sea-level conditlons

APPARATUS ARD INSTRUMENTATION
Engine

The modified produetion turbojet engine used in this investigation
was the same a@s that described 1n references 1 and 2 with the exception
that the two cooled blades installed 1n the turbine rotor were of a
different configuration. The blades immedlately adjacent to the cooled
blades were standard twisted rotor blades during most of the investi-
gation. '
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The Instrumentation on the engine wes the same as that discussed
in references 1 and Z except for the location of the thermocouples on
the air-cooled bledes. -

Blades

The cooled blade configurstion investigated is shown in figure 1.
The blade shell was of the same externsl conflguration as blades 4, 5,
and 7 to 9 of reference 4 and blade 10 of reéference 6 except for the
addition of a leading-edge cap. Before the lnstallation of the
leading-edge cap, holes of 0.0625-inch dismeter were placed every
0.125 inch along the leading edge of the blade, (fig. 1(b))}. A groove,
perpendicular to the leading edge, was milled from each hole to a point
about 0.125 inch rearward on both the pressure and suction surfaces of
the blades. An Inconel sheet, formed to the contour of the leading
edge, was then spot-welded to the lands between the milled slots. The
rearmost edges of this leading-edge cap extended slightly beyond the
ends of the milled slots and were ralsed ebout 0.030 inch from the
blade surface in order to permlt some distribution of coollng air to
the areas between the slots. The leading-edge cooling-alr passage was
capped. at the tip thus forcing the air in this passage to flow axlially
outward into the milled slots and then to discherge rearward to form
a £ilm of cool air on both the pressure and suction surfaces of the
bledes. The blade shell was fabricsated from X-40, a high temperature
elloy, and contained seven mild steel tubes which were Nicrobrazed to
the blade shell. Five of the tubes were 0.156 inch in outside diameter
and. one tube was 0.125 Iinch in ocutside dlasmeter. These six tubes had a
wall thickness of approximstely 0.012 inch. The remaining tube had an
outside diameter of 0.250 inch and a wall thickness of about 0.020 inch.

The blade shell and bhlade base were one integrelly cast plece.

The location of the blade thermocouple instrumentetion is schemat-

icelly shown in figure 2. The spanwlse temperature distribution at the
leading edge of the cooled blades was measured by thermoccouples A, B,
C, and D.. These thermocolples were located on the blade shell at the
rear. edge of the leading-edge cap. Thermocouples B and D were loceted
symmetrically with respect to the leading edge in order to obtain
temperatures at simllar locations on the pressure and suction surfaces
near the lesding edge. This arrangement provided some indlcation as to
whether the coaling air from benesth the leading-edge cap was being
evenly distributed between the two blade surfaces. - The chordwise

temperature of the cooled blade was obtalned &t & polnt 2% inches
from the blade tip and was measured by thermocouples G, H, I, and J,
as 1lndicated in figure 2. Thermocouple G was located on the leading
edge between two of the cooling-air slots at the extreme leading edge
of the Inconel cap. Thermocouples E and K measured the cocoling-air

[3
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temperature at the inlet to the blede base for each of the cooled blades P
as indicated in figure 2. Thermocouples F and I measured the uncooled
blade temperature (effective gas temperature). The uncooled blade with
thermocouple*F was placed adjacent to the cooled blade with thermocouples A,
B, C, and D, and the uncooled blade with thermocouple I was placed adjacent
to the cooled blade with thermocouples G, H, I, and J.

PROCEDURE
Calculations

The calculation procediires used to reduce and correlate the data
obtained during this investigetion were the seme as those required for
previous investigations of this series and are explained in detail in
references 1 to 3.

Experimentsl Procedure

The two cooled blades were placed in a cascade of nontwisted,
hollow, uncooled blades in order to minimize the distortion of the com-
bustion gas flow around the cooled bledes (reference 1). A number of
series of runs with varying test conditions were maede in order to in-
vestigate the cooling effectiveness of the blades. For each serles, the
engine speed was held constant and the blade-coolling air was varied.
Also, for each series & g:-ou_ping of not more than six rotaeting thermo-
couples were connected becsuse of the limitation of the thermocouple
pickup system, which is described in reference 1.

The engine speed was increased in increments of 2000 rpm from
4000 to 10,000 rpm. Above 10,000 rpm, the engine speed was lncressed in
increments of 500 rpm until an engine speed of 11,350 rpm was reached.
At an engine speed of 10,000 rpm, one of the hollow uncooled blades
failed and all of these blades were removed and replaced wlith standard
twisted blades. Check runs were then made at 4000, 6000, and 8000 rpm
to evaluate the effects of the twisted cascade on the hesat transfer
characteristics of the cooled blades. The investigation was then
continued at engine speeds of 10,000 rpm and gbhove, but at 10,500 rpm
one of the cooled blaedes feiled along a thermocouple groove just gbove
the blade base. This blade was replaced by a standard, uncocoled blade,
which was shortened to reduce its weight and to maintain the dynamic
balance of the rotor. The investigation was then continued at engine
speeds of 10,500, 11,000, and 11,350 rpm wlth one cooled blade. For
engine speeds up to 10,000 rpm, the coollng-alr flow was varied from
gbout 0.0l to 0.10 pound per second per blade. At engine speeds above
10,000 rpm, where the cambustion gas temperature and centrifugsl blade
stress sre relatively high, the minimum coolant flow was &bout
0.02 pound per second per blade.

A summary of conditiong under which the investigation was conducted
is given in t&ble I.
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RESULTS AND DISCUSSION
Blade Temperatures

Effect of cooling-air flow on blade, effective gas, and cooling-alr
temperatures. - An exsmple of the basic temperature data taken during
the investigation is shown in figure 3 for an engine speed of 10,000 rpm.
Solid blade temperatures (effective gas temperatures), cooled blade
temperatures and cooling-air temperatures are plotted agalnst cooling-
alr-fiow rate per blade. 1In general, the effective gas temperature
remained essentially constant while the temperatures of the cooled
blade and coollng alr decreased with an increase in coollng-air flow.

The temperature of the extreme leading edge of the blade cap (thermo-
couple G) was about 175° F cooler than the midchord temperatures
(thermocouples H and J) over the entire range of coolant flows, as

shown in figure 3(&). These low leading-edge temperatures represent
very effective cooling of the leading edge of the blade beceuse the
midchord region of all blades previously investigated (references 1 to 8)
have been considerably cocler than the leading and trailing edges, even
on those blades having special leading- and trailing-edge cooling modi-
fications. Thus, the leading-edge cap was clearly superior to all ’
leading-edge cooling modifications previously investigated.

Two Important disadvantages of previous cooled-blade designs have
been overcome. Primarily, the temperature level of the leading-edge
region has been reduced considersbly. Secondly, & tendency for a rapid
increase in leading-edge temperature with decreasing coolent flow for
film-cooled blades previcusly investigated (references 4 and 5) has been
eliminsted as evidenced by the relatively slow rise in leading-edge
temperature with a decrease in coolant flow shown by thermocouple G
(fig. 3(a)) and thermocouples A, B, C, and D (fig. 3(b)).

Thermocouples B and D (fig. 2) were located symmetrically to the
leading edge of the blade in order to obtain an indication of the
relative distribution of the cooling-alr film along the suction and
pressure surfaces of the blades. The curves for thermocouples B and D
(38-percent span) shown in figure 3(b) indicate that about the same
smount of cooling air 1s flowing out along the pressure and suction
surfaces of the blades as shown by the small differences in temperature
throughout the entire range of coolant flows. This close agreement of
the temperatures &t B and D was observed over the entire range of engline
speeds investigated. o _ _ o .

The trailing-edge temperature (thermocouple I) of this blade is
140° to 260° F hotter then the midchord temperatures (thermocouples E
and J), as shown in figure 3(a)}. No special attempt was made to cool
the tralling-edge region of this blade, and consequently the trailling-
edge temperatures are relatively high and compare closely in value with
the trailing-edge temperatures of other blades previously investigated
thet had no specisl trailing-edge cooling_(references 1l to 3).

TL22
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Tpe temperature trends of the cgpped 1ead.ing-edée blade at lower
engine speeds were similar to those shown for an engine speed of

10,000 rpm in figure 3.

The variation of tempersature with coolant flow at an engine speed
of 11,350 rpm 1s shown in figure 4 for thermocouples G, J, K, and I.
These data are the first published temperature data near rated engine
speed for this series of air-cooled turbine-blade investligations. A4s
was the case at 10,000 rpm, the leading-edge temperature (thermocouple G)
exhibited a much lower sensitivity to coollng-air flow rate then the
leading-edge temperatures of the film-cooled blade which had been
investigated at lower engine speeds. The change in temperature of
thermocouple G with cooling:zair flow rate was approximately the same
as shown in figure 3(a) for an engine speed of 10,000 rpm. The change
in temperature at the midchord (tbermocouple J) for the engine speed
of 11,350 rpm was alsb gbout the same as that for 10,000 rpm. The
temperature level of thermocouples G and J was sbout 200° to 300° F
higher at 11,350 rpm than at 10,000 rpm. This resulted essentielly from
an increasse in effective gas temperature from sbout 1000° to 1360° F for
an increase in engine speed from 10,000 to 11,350 rpm. The cooling-air
temperature at the blade root was from 40° to 100° F higher at an engine
speed of 11,350 rpm than at 10,000 rpm. Thermocouples I and J are not
presented becausé they failed beyond repair at an engine speed of
10,500 rpm. Temperatures for the cooled blade having thermocouples A,
B, C, and D along the leading edge are not presented beceause this blade
failed along a thermocouple groove gt an engine speed of 10,500 rpm.

Correlated cooled-blade temperatures. - The cooled-blade tempera-
tures were correlsasted by use of the temperature-difference ratio
(Tg,e - E[EB)/(Tg,e - Ty e,n)> Which is also referred to as ¢ or cooling

effectiveness. The development and use of o 1is discussed in detail

in reference 1. .The velues of @ for the range of operating conditions
in this investigation are summarized in teble I. Series 1 to 5 of

table I were made with the origlins]l nontwisted cascade of hollow uncooled
blades adjacent to the cooled blades. Series 5 through 11 were made with
standard twisted unccoled blades adjacent to the cooled blades. Compar-
ison of the ® wvalues obtained at like coolant flow rates for a given
engine speed indicates that the pressure surface was cooler (higher @
values) and the suction surface was hotter (lower ¢ vslues) when the
twisted blades were adjacent to the cooled blades. The temperatures
along the leading edge, with the exception of thermocouple A, were not
substantially affected. The changes in temperature of the midchord
region were prob&bly caused by the change in combustion gas flow ares

on either side of the cooled blades.
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" Blade' Tempersature Distribution Comparisons

In order to illustraste the cooling performance characteristice of
the capped leading-edge blade, the chordwise tempersture distribution
of blade 15 is compared with blades 8 and 9 of reference 4 in figure 5.
Blades 8 and 9 were selected for this comparison because both had what
was previously regarded as well-cooled leading-edge sections. The
chordwise temperature profile of a hypothetical blade consisting of a
split trailing edge and capped leading edge is compared with the 10-tube
blade of reference 1 in figure 6 in order to 1llustrate how effectively
the chordwise temperature gradients have been relieved by the specisal
modifications thus far investigated. The principal design characteristics
of blades 8, 9, 15, and the composite blade are 1llustrated In figure 7.

Chordwise blade temperature comparisons. - A comparison of the
chordwise tempersature distribution of blade 15 with the chordwlse
temperature distributlons of blades 8 and 9 is shown in figure 5.
Blade 8 ie more effectively cooled than blade 9; bhowever, some doubt
about the durability of blade 8 exists because of the large humber of
stress raising elots 1In the leading edge of the blade. The leading and
trailing edges of blaede 9 are cooled by & high—conduct171ty copper fin -
extending from the blade shell to copper tubes in the interior of the
blade and blade 9 is thought to be structurally superlor to blade 8.
Both blades are shown because the service durability of bhlade 9 meay equal
or exceed that of blade 8. The comparlison is for a coolant- to
combustion~gas-flow ratlio of 0.054, & cooling-air temperature at the
blade root of 109° ¥, an effective gas temperature of 1000° F, and an
engine speed of 10,000 rpm. The superiority of the leading-edge-capped
blade in providing leading-edge cooling is clearly evident. The leading-
edge temperature is about 230° F cooler than that of the most effectively
cooled blade previously investigated. The tempersture level of the
lesding edge was 80 effectively reduced that the temperature profile is
inverted. As was previously mentioned, no special effort was made to
provide trailing-edge cooling and consequently this region is quite hot.
The midchord temperature on the pressure surface is sbout the same as
that for blades 8 and 9. The midchord temperature on the suction sur-
face, however, is about 70° to 130° F hotter than that for blades 8 and
9, respectively. Blades 8 and 9 were investigated in a cascade of
nontwisted blades. The higher temperatures .on the suction surface may
have been the result of differences in gas flow around blade 15 caused
by the use of twisted blades adjacent to blade 15. A combination of the
capped leading-edge modification and an effective modification for
cooling the trailing edge of the blade would appear to offer an effective
alr-cooled blade design.

-

A probable chordwise temperature-distribution comparison between a
10~tube blade and a hypothetical blaede combining a split trailing edge,
. a reverse coolant flow path, and & capped leading edge is presented in
figure 7. The assumption was made for the purpose of this comparison
that the “trailing-edge sectlion received at least as great a proportion

- ——
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of the total blade-cooling air as the trailing edge of blade 10 of
reference 4 recelved. Incorporation of the reverse flow coolant path in
the design would Porce 811 of the cooling air to be discharged either at
the leading* or trailing edge and this assumption would therefore probably
be quite conservative. The curves of figure 6 were calculated using &
cooling-air temperature of 109° F, an effective gas temperature of

1000° F, and a coolent- to gas-flow ratio of 0.05 for an engine speed of

10,000 rpm.

The original 10-tube blade had an effectively cooled midchord
sectlon but was very hot at the leading and tralling edges of the blade.
The composite blade successfully reduced the high temperstures on the
leading edge below the midchord temperstures of the 10-tube blade and
succeeded in considerably reducing the trailing-edge temperature level.
As a result, the average blade temperature and temperature gradients on
the composite blade were much lower than on the 10-tube blade. This
should result in @ stronger blade with & reduced thermal stress level
thus permitting increased engine performance through use of red.uced.
coolant flow rates or increased turbine-inlet temperatures.

Spanwlse blade temperature distribution. - The spanwise temperature
distribution at the leading edge of blade 15 is shown in figure 8 at a
coolant flow ratioc of 0.05, a cooling-sair inlet temperature at the blade
root of 108° F, an effective gas temperature of 1000° F, and an engine
speed of 10,000 rpm. A typical sllowsble temperature proflle is also
indicated to lliustrate what is considered a nesrly optimum blade
temperature distribution. The temperature of blade 15 is highest at the
blade tip end decreases rapidly along the span toward the blade root.
The temperature reaches a minimum af gbout the one-third span position
and then incresses somewhat toward the blade root. This temperature
variation corresponds reasonebly well to the optimm temperature varia-
tion except for the rise in tempereture in the neighbhorhood of the blade

root.

Coolling-Alr Pressure lLosses

The coolling-air pressure loss from the rotor hub to the blade tip
was calculated by the method presented in reference 2 from data tasken
at 4000, 6000, and 8000 rpm. NRo data were taken above 8000 rpm
because it was necessary to use a speclal tall cone for the.high speed
runs which did not heve the required instrumentstion. The results of
the measurements end calculations are presented as the upper curve of
figure 9. The date for all engine speeds are well correlated up to a
cooling-air weight flow of 0.07 pound per second per blade.
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The pressure loss through the blade only, from root to tip, 1s shown
on the lower curve in figure 9. This curve was obtalned by subtracting
the pressure loss from the rotor hub to the blade root from the loss
from the rotor hub to the blade tip as described in reference 3. The
preesure loss for blade 15 was the lowest of any cooled blade so far

investigated. '

A comparison of the pressure loss requlred to produce a given
cooling effectiveness &t the leading edge of blades 8, 9, and 15 1s pre-
gented in figure 10. Bledes B and 9 were selected for this comparison
because they appeared to have a favorable combination of leading-edge
cooling effectiveness and blaede pressure loss. Apparently blade 15
provides by far the highest leading-edge cooling effectiveness for a
given pressure loss. For example, at a pressure loss of 20 inches of
mercury, blade 8 will provide & leading-edge cooling effectlveness of
0.23, blade 9 will provide an effectiveneas of 0.39, while blade 15
will provide a cooling effectiveness at the leading edge of 0.686.

SUMMARY OF RESULTS

The important results of an experimental investigation of an air-
cooled turbine blade having a capped leadihg edge were as follows:

1. The capped leading-edge conflguration provided very effective
coolling of the leading-edge portions of the blade. This configuration
was clearly superior to the most effectively cooled leading-edge con-
figurations previouely investigated. TFor example, at an engine speed of
10,000 rpm, a coolant- to combustion-gas-flow ratio of 0.054, an effec-
tive gas temperature of 1000° F, and a cooling-alr inlet temperature
at the bhlade root of 109° F, the leading-edge temperature was sbout
400° F, approximately 230° F cooler than the most effectively cooled
leading-edge configuration previously investigated.

2. The cooling-eir pressure loss, based on coolant flow rate, was
the lowest of any blade configursation as yet investigated.

Lewls Flight Propulsion Laboretory
Natlonal Advisory Commlttee for Aeroneutics
Cleveland, Ohio ' '
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(b) Detail of leading-edge cap.

(a) Ocolant flow path
shructural, detail.

Casar
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Figure 3. - Effect of cooling-air flow rate on-
blade and cooling-sir temperatures for
blade 15. '
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Figure 4. - Effect of cooling-air flow rate on blade and cooling-
air temperstures for blade 15 at engine speed of 11,350 rpm.
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Figure 5. - Comparison of chordwise temperature distributions at
38-percent span location.  Coolant flow. ratio, 0.054; effective
gas temperature, 1000° F; cooling-air temperature at blade
base, 109° F; blades 8, 9, and 15.
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Figure 6. - Comparison of chordwise temperature distributions of
hypothetical composite blade and 1O-tube blade. Coolant flow
ratio, 0.05; engine speed, 10,000 rpm.
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Figure 8. - Spenwise temperature dlstribution gt leading edge of
blade 15. Coolant flow ratio, 0.05; effective gas temperature,
1000° F; cooling-air tempersture at blade root, 109° F; standard
sea-level engine-inlet conditions; engine speed, 10,000 rpm.
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Figure 10. - Comparison of pressure loss required by blades 8, 9, apd 15 for
range of cooling effectiveness. Thermocouple G; engine speed, 10,000 rpm.
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